Foreign viral proteins expressed by rabies virus (RV) have been shown to induce potent humoral and cellular immune responses in immunized animals. In addition, highly attenuated and, therefore, very safe RV-based vectors have been constructed. Here, an RV-based vaccine vehicle was utilized as a novel vaccine against severe acute respiratory syndrome coronavirus (SARS-CoV). For this approach, the SARS-CoV nucleocapsid protein (N) or envelope spike protein (S) genes were cloned between the RV glycoprotein G and polymerase L genes. Recombinant vectors expressing SARS-CoV N or S protein were recovered and their immunogenicity was studied in mice. A single inoculation with the RV-based vaccine expressing SARS-CoV S protein induced a strong SARS-CoV-neutralizing antibody response. The ability of the RV-SARS-CoV S vector to confer immunity after a single inoculation makes this live vaccine a promising candidate for eradication of SARS-CoV in animal reservoirs, thereby reducing the risk of transmitting the infection to humans.
INTRODUCTION
In November 2002, an atypical pneumonia now known as severe acute respiratory syndrome (SARS) emerged in humans in China and then spread to different countries, including Canada (Drosten et al., 2003; Holmes, 2003; Peiris et al., 2003) . The mortality rate of this disease was~3-6 %, but was as high as 50 % in people over 60 years (Drosten et al., 2003; Holmes, 2003; Peiris et al., 2003) . A coronavirus termed SARS-CoV has been identified as the aetiological agent of SARS (Drosten et al., 2003) . The genome of SARS-CoV is a 29 727 nt, positive-strand RNA with a genomic organization typical of coronaviruses encoding a replicase (rep), spike (S), envelope (E), membrane (M), nucleocapsid (N) and several other small non-structural proteins (Rota et al., 2003) .
Although the SARS epidemic reached its peak at the end of April 2003 and drastically declined thereafter, with few cases reported after June 2003, SARS could return in several ways. The virus may still be carried by some asymptomatic people or, more importantly, the virus may circulate in certain animal species. Regarding the latter situation, coronaviruses almost identical to SARS-CoV have been identified in several wild animal species such as masked palm civets, raccoon dogs and the Chinese ferret badger (Guan et al., 2003) . The existence of such animal reservoirs could make control or even eradication of the SARS virus very difficult, if not impossible.
Prophylactic immunization would be the most effective solution to control SARS in humans (Holmes, 2003) and to eradicate SARS virus reservoirs in animals. Protective immunity against the SARS virus could be achieved through vaccination using either killed or live attenuated SARS virus or recombinant virus vaccines expressing particular SARS-CoV proteins. However, it is not yet clear which immune effectors (e.g. antibodies, effector T cells) are capable of either protecting against SARS or enhancing the infection. In this context, several vaccines against feline coronavirus have caused antibody-dependent enhancement of the disease when animals were subsequently infected with the wild-type virus (Holmes, 2003) . Thus, several approaches to the development of safe and effective SARS vaccines must be pursued.
For vaccination of free-ranging wildlife, oral vaccination with live attenuated or recombinant virus vaccines is probably the only effective method to control and eventually eradicate a virus infection. The feasibility of this approach has been demonstrated in vaccination campaigns against wildlife rabies, which has resulted in the almost complete eradication of rabies in Western Europe (Aubert et al., 1994) . The precise mechanism by which oral immunization with modified live rabies virus (RV) vaccines confers protective immunity is not known. However, it has been shown that the tonsils, a major lymphoid tissue that contains B and T cells as well as antigen-presenting cells, including dendritic cells, is a primary site of infection and replication of the RV vaccine strains (Orciari et al., 2001) .
RV has been introduced as a vaccine vector (Foley et al., 2000 (Foley et al., , 2002 McGettigan et al., 2001a McGettigan et al., , b, 2003a Morimoto et al., 2001b; Schnell et al., 2000; Siler et al., 2002) that could also be used for the expression of relevant SARS virus antigens. There are several advantages of RV that suggest its suitability as an expression vector for SARS virus proteins: (i) the modular genome of RV is organized with short transcription stop/start sequences flanking the genes making it readily amenable to manipulation (Foley et al., 2000) ; (ii) the RV genome is RNA and the life cycle of RV is exclusively cytoplasmic so no recombination, reversion or integration is observed (McGettigan et al., 2003a; Schnell et al., 1994) ; (iii) stable incorporation of large and multiple foreign genes of up to 6?5 kb offers advantages over plusstranded RNA virus vectors (McGettigan et al., 2003a) ; (iv) RV is non-cytopathic in infected cells and expresses high levels of foreign proteins over extended periods of time (McGettigan et al., 2001b (McGettigan et al., , 2003a ; (v) RV can induce a protective immune response in a variety of animals (e.g. dog and mongoose) following immunization by the oral route (Meslin et al., 1994; Rupprecht et al., 2001) and attenuated RV can target cells in the tonsils and buccal mucosa (Orciari et al., 2001) ; (vi) multiple mutations introduced into the RV genome that completely abolish the pathogenicity of RV render the RV vector extremely safe (McGettigan et al., 2003b) and replication-defective RVs can be produced that are even safe for completely immunocompromised individuals (reviewed by Dietzschold et al., 2003; Shoji et al., 2004) ; and (vii) since RV contains a nucleocapsid protein that has the properties of a superantigen (Lafon et al., 1992) , the RV vector is a unique vaccine delivery vehicle.
In this paper, construction of replication-competent recombinant RVs that express the SARS-CoV S or N proteins is described and the immunogenicities of these recombinant viruses were determined in mice.
METHODS
Cells. BSR cells, a BHK-21-derived clone, were grown in DMEM (Mediatech) supplemented with 10 % fetal bovine serum. Mouse neuroblastoma cells (NA) were grown in RPMI medium (Mediatech) supplemented with 10 % fetal bovine serum.
Plasmid construction. The RV vector pSPBNGA, derived from pSPBN (McGettigan et al., 2001b) , encodes an RV G protein with an arginine to glutamic acid exchange at position 333 that abolishes the pathogenicity of this RV (reviewed by Dietzschold et al., 2003) . cDNAs encoding the SARS-CoV N or S proteins were kindly provided by W. Bellini (Centers for Disease Control, Atlanta, GA, USA). The SARS-CoV N and S genes were amplified using Deep Vent polymerase (New England Biolabs) and the N gene-specific primers NEB(+) (59-CCGGAATTCCGTACGAAGATGTCTGATA-ATGGACCCCAATCAAACCAAC-39; BsiWI site underlined, start codon in bold) and NXX(2) (59-TACCGCTCGAGCGGCGTCTAG-ACGTTTATGCCTGAGTTGAATCAGCAG-39; XbaI site underlined, stop codon in bold) or S gene-specific primers SEB(+) (59-CC-GGAATTCCGTACGAAGATGTTTATTTTCTTATTATTTCTTACTC-TCAC-39; BsiWI site underlined, start codon in bold) and SXN(2) (59-TACCGCTCGAGCGGCGGCTAGCCGTTTATGTGTAATGTAA-TTTGACACCC-39; NheI site underlined, stop codon in bold). PCR products were digested with BsiWI and NheI and cloned into pSPBNGA, which had been previously digested with BsiWI and NheI. The presence and sequence of the SARS-CoV S and N genes and the flanking vector sequences were confirmed by sequencing.
Generation of recombinant viruses. Recombinant viruses were rescued as described previously (McGettigan et al., 2003a; McKenna et al., 2003) . Briefly, BSR-T7 cells were transfected using a calcium phosphate transfection kit (Stratagene) with 5?0 mg pSPBNGA-SN or pSPBNGA-SS and 5?0 mg pTIT-N, 2?5 mg pTIT-P, 2?5 mg pTIT-L and 2?0 mg pTIT-G. After a 3-day incubation, supernatants were transferred onto BSR cells and incubation continued for 3 days at 37 uC. Cells were examined for the presence of rescued virus by immunostaining with fluorescein isothiocyanate (FITC)-labelled anti-RV N protein antibody (Centocor).
Preparation of virus stocks and virus titration. BSR cells were infected at an m.o.i. of 0?1 and incubated for 72 h at 34 uC. To determine virus yields, monolayers of NA cells in 96-well plates were infected with serial 10-fold virus dilutions as described elsewhere (Wiktor et al., 1984) . At 48 h post-infection (p.i.), cells were fixed in 80 % acetone and stained with FITC-labelled RV N protein-specific antibody (Centocor). Foci were counted using a fluorescence microscope and virus titres are given as focus-forming units (f.f.u.). All titrations were determined in triplicate.
Immunofluorescence analysis. NA cells were infected at an m.o.i. of 5. At 48 h p.i., cells were fixed with 4 % paraformaldehyde and then incubated with a human SARS convalescence serum (kindly provided by I. Lipkin, Mailman School of Public Health, Columbia University New York, NY, USA) followed by FITC-labelled goat anti-human IgG (Jackson ImmunoResearch Laboratories).
Western blot analysis. BSR cells were infected with recombinant virus at an m.o.i. of 5 or mock infected. After 24 h incubation at 37 uC, cells were lysed with lysis buffer [50 mM Tris, pH 7?4, 150 mM NaCl, 1 % NP-40, 0?1 % SDS, 16 protease inhibitor cocktail (Sigma)], subjected to 10 % SDS-PAGE and transferred to a nitrocellulose membrane (Millipore). Blots were blocked overnight in 5 % dry milk powder in PBS (pH 7?4), then washed three times using PBS containing 0?1 % Tween 20 and incubated with a SARS convalescence serum (final dilution 1 : 100) for 4 h at room temperature. Blots were then washed again three times with PBS/0?1 % Tween 20 and secondary goat anti-human IgG (final dilution 1 : 1000) conjugated to Alexa Fluor 555 (Molecular Probes) was added. Blots were incubated for 1 h at room temperature and, after three 10 min washes, scanned using Molecular Imager FX and Quantity One software (Bio-Rad).
Immunoprecipitation analysis. For immunoprecipitation analysis, NA cell cultures were infected with recombinant viruses at an m.o.i. of 5 or mock infected. At 24 h p.i., the medium was replaced with methionine-free RPMI containing 100 mCi (3?7 MBq) [ 35 S]methionine and incubated at 37 uC for 1 h. Cells were lysed with lysis buffer (10 mM Tris/HCl, pH 7?4, 150 mM NaCl, 1 % Triton X-100, 0?5 % sodium deoxycholate). Two microlitres of anti-SARS-CoV S antibody (SARS-Sn antibody; Abgent) was added to 400 ml lysate and the mixture was incubated overnight at 4 uC. The resulting immunocomplexes were adsorbed to protein A-Sepharose beads, solubilized in loading buffer and subjected to 10 % SDS-PAGE. Gels were dried and placed into a storage phosphor screen cassette for 24 h and protein bands were scanned using a Phosphorimager (Molecular Dynamics) and Quantity One software (Bio-Rad).
Immunization of mice. Four-to six-week-old female BALB/c mice were purchased from Taconic. Groups of five mice were immunized intra-muscularly (i.m.) with 100 ml samples containing 10 7 f.f.u. SPBNGA-SS or SPBNGA-SN and, 2 weeks later, blood was collected under isoflurane anaesthesia by retro-orbital bleeding. Sera from each group were pooled and heat-inactivated at 65 uC for 30 min.
SARS-CoV-neutralizing antibody assay. Two-fold dilutions of heat-inactivated sera were tested in a microneutralization assay for the presence of antibodies that neutralized the infectivity of 100 TCID 50 SARS-CoV in Vero cell monolayers, using 4 wells per dilution on a 96-well plate as previously described . The presence of virus cytopathic effect (CPE) was read on days 3 and 4. The dilution of serum that completely prevented CPE in 50 % of the wells was calculated by the Reed-Muench formula (Reed & Muench, 1938) .
Determination of RV-neutralizing antibody. Mouse sera were heat-inactivated at 65 uC for 30 min and neutralizing activity was determined using the rapid fluorescent focus inhibition test (RFFIT) assay as described previously (Wiktor et al., 1984) .
RESULTS

Construction of attenuated RVs expressing SARS-CoV N and SARS-CoV S
Our new vaccine constructs are based on vector pSPBNGA (also termed pSPBN-333), which carries an RV G gene with an Arg 333 RGlu 333 mutation that renders RV apathogenic even after intra-cranial inoculation. Utilizing the single BsiWI and NheI restriction sites, the SARS-CoV N or S genes were inserted between the G and L genes of pSPBNGA, resulting in pSPBNGA-SN and pSPBNGA-SS, respectively (Fig. 1) . Infectious virus was recovered by standard methods from pSPBNGA-SN and pSPBNGA-SS as described previously (McGettigan et al., 2001a, b) .
Expression of SARS-CoV N and SARS-CoV S by recombinant RVs
To determine whether the recombinant RVs express the SARS-CoV N and S proteins correctly, mouse NA cells were infected with SPBNGA, SPBNGA-SN or SPBNGA-SS at an m.o.i. of 5 and the expression of SARS-CoV N or S proteins was analysed 48 h later using immunofluorescence and a human SARS convalescence serum. Fig. 2 shows the results of the fluorescence staining of NA cells infected with SPBNGA (a), SPBNGA-SN (b) or SPBNGA-SS (c). While no signal was detected for SPBNGA-infected cells, cells infected with SPBNGA-SN and SPBNGA-SS showed brilliantly stained intracellular inclusion body (Fig. 2b) or cell surface (Fig. 2c ) staining, respectively.
After expression of the two SARS-CoV proteins was confirmed by immunofluorescence, Western blot analysis using a human SARS convalescence serum was performed. As shown in Fig. 3(a) , the human serum revealed a protein of 47 kDa in SPBNGA-SN-infected BSR cell lysates, which is the expected size for the SARS-CoV N protein. Of note, this protein was not detected in either uninfected or vector (SPBNGA)-infected cells. However, the same human SARS convalescence serum failed to detect the SARS-CoV S protein in SPBNGA-SS-infected cell lysate using the same Western blot assay. The SARS-CoV S protein was also not detected using a polyclonal rabbit antibody directed against the N terminus of the SARS-CoV S protein (anti-SARS-Sn). It was decided, therefore, to perform immunoprecipitations to detect the native SARS-CoV S protein. SDS-PAGE of an immunoprecipitate obtained with a lysate prepared from [ 35 S]methionine-labelled SPBNGA-SS-infected cells using the anti-SARS-Sn antibody revealed a protein of 140 kDa that is absent from the lysate of SPBNGAinfected cells (Fig. 3b) . These experiments indicate that the RV expression vector is capable of expressing antigenically active SARS-CoV S, as well as SARS-CoV N protein.
Immunogenicity of SPBNGA-SN and SPBNGA-SS
The goal of this study was to develop a live anti-SARS-CoV vaccine that can be used to immunize wildlife species that carry SARS-CoV, thereby reducing the risk of transmitting the virus to other animals or humans. Of note, a prerequisite for such a vaccination would be that a single dose of the vaccine is sufficient to induce neutralizing antibodies. To examine whether the recombinant RV-SARS-CoVs are immunogenic, BALB/c mice received a single i.m. inoculation with 10 7 f.f.u. SPBNGA-SS or SPBNGA-SN. Blood was collected 2 weeks later and sera from SPBNGA-SSimmunized mice were tested for their ability to recognize SARS-CoV S. SDS-PAGE of immunoprecipitates obtained with [ 35 S]methionine-labelled SPBNGA-SS-infected cell lysate and immune serum from SPBNGA-SS-immunized mice revealed a protein of 140 kDa (Fig. 4) . The mouse immune sera did not recognize this protein in the lysate of cells infected with the empty vector (SPBNGA). Thus, immunization of mice with SPBNGA-SS can trigger the production of SARS-CoV S-specific antibodies. On the other hand, SARS-CoV N-specific antibodies were not detected in sera of mice immunized with SPBNGA-SN using either Western blot or immunoprecipitation assays.
Sera from SPBNGA-SS immunized mice induce high levels of SARS-CoV-neutralizing antibodies
In the next step, the virus-neutralizing activity of the sera of mice immunized with SPBNGA, SPBNGA-SN and SPBNGA-SS was analysed. Pooled sera from five BALB/c mice from each group were tested for the presence of both SARS-CoV-and RV-neutralizing antibodies as described above. As expected, SARS-CoV-neutralizing antibodies were detected only in the sera of mice that were immunized with SPBNGA-SS (1 : 161; Table 1 ), whereas sera from mice immunized with the empty vector or the vaccine vehicle expressing the SARS-CoV N protein had no neutralizing activity (<1 : 8; Table 1 ). However, all three recombinant RVs induced comparable amounts of RVneutralizing antibodies (Table 1) , i.e. between 12 and 18 IU, suggesting that the three recombinant RVs replicate at similar rates in vivo. These data indicate that a highly attenuated RV-based vector can serve as a potent live virus vaccine against SARS-CoV.
DISCUSSION
SARS-CoV is most likely transmitted via aerosol and there is evidence that certain wildlife species are the reservoir for this virus. Prophylactic immunization would be the most effective solution to protect the human population against infection with SARS virus. Here, an RV-based vector has been used to develop a vaccine against SARS. RV-based vectors show great promise as vaccines against other viruses such as human immunodeficiency virus type 1 and hepatitis C virus (Siler et al., 2002) and induce strong cellular and humoral responses (McGettigan et al., , b, 2003a . One of the advantages of the RV-based recombinant vaccines, it is presumed, like RV variants such as SAG-2 virus, is their ability to replicate in cells of the mucosal membrane (Orciari et al., 2001) , probably making them uniquely suited to induce mucosal immunity in the defence against virus infections like SARS. However, mice are not a good model for oral immunization with RV and a previous study indicates that only 40 % of mice orally immunized with our RV vector were protected against RV challenge. In addition, RV-specific seroconversion against RV N and G was generally low (Morimoto et al., 2001a) . Therefore, this initial study in mice was performed using i.m. inoculations. However, in larger animals like dogs, oral immunization is more successful and a recent study showed 100 % protection against RV challenge with our RV vector in this setting (Rupprecht et al., 2005) .
With respect to safety, recombinant viruses containing RV G protein with an Arg 333 RGlu 333 mutation have been shown to be non-pathogenic for adult mice after intracranial infection (McGettigan et al., 2003b; Morimoto et al., 2000 Morimoto et al., , 2001a . Therefore, the constructs used for the design of new SARS-CoV recombinant viruses carry the SPBNG with an Arg 333 RGlu 333 . Inoculation of these viruses into adult BALB/c mice did not cause any clinical signs or discomfort, strongly suggesting that these vaccines are safe for immunocompetent mammals including humans. However, replication-competent recombinant RVs may cause undesirable side effects in immunocompromised individuals. To overcome this potential problem, replication-deficient recombinant SARS-CoV-S-RV vaccines can be developed by deletion of a different RV gene as shown for example for RV P (Shoji et al., 2004) .
Evidence that SARS-CoV-specific neutralizing antibodies alone can prevent replication of the SARS-CoV comes from a recent study that used passive transfer of such antibodies in a mouse model to prevent replication of SARS-CoV . Therefore, this study was directed to the humoral response against SARS-CoV induced by an RV vaccine vector. Our data indicate that a single vaccination with the RV-based vaccine expressing the SARS-CoV S protein induces the production of high levels (1 : 161; Table 1 ) of SARS-CoV-neutralizing antibodies in mice. Whereas other SARS vaccine approaches induced similar levels of anti-SARS-CoV-directed antibodies, multiple vaccine inoculations were required. For example, vaccination of BALB/c mice using naked DNA encoding the SARS-CoV S protein induced levels of SARS-CoV-neutralizing antibodies in the range of 1 : 50 to 1 : 150, but three inoculations were required (Yang et al., 2004) . It has been shown for the attenuated modified vaccinia virus Ankara (MVA) that two inoculations of mice with recombinant MVA expressing SARS-CoV S induce SARS-CoV-neutralizing antibody titres of about 1 : 100, which protect the immunized mice from subsequent challenge with SARS-CoV (Bisht et al., 2004) . The failure to detect antibodies against the SARS-CoV N protein was not surprising. In general, a single inoculation with RV induces mainly antibodies against the surface G protein and not against the internal proteins of RV. Therefore, multiple inoculations with the recombinant RV expressing SARS-CoV N are probably required to induce SARS-CoV anti-N antibodies.
Because oral immunization with live replication-competent RV vaccines has been shown to be the only effective method to eradicate RV reservoirs in wildlife, a recombinant RV-SARS vaccine might be very useful in eradicating SARS virus reservoirs. Of note, the immunization of wildlife requires that a single inoculation is able to induce protection against SARS-CoV and our results indicate that this approach might be feasible with an RV-based vaccine. However, further studies in the target species will indicate whether or not our novel SARS-CoV vaccine approach is able to induce similar high levels of neutralizing antibodies via mucosal immunizations. The high level of RVneutralizing antibodies detected after a single immunization in mongoose indicates that this approach is feasible . 
